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1. INTRODUCTION
1.1 The Scope of the Study
Marine organisms inhabit vast and seemingly
continuous habitats and are rather inaccessible
for direct field observations. However, the ad-
vent of molecular markers, i.e. comparisons of
nucleic acid or protein molecules, has enabled
detailed studies of phylogeny, biogeography, po-
pulation biology and behaviour of marine spe-
cies (Bowen et al. 1992, Baker and Palumbi
1996, Graves 1998, LeDuc et al. 1999, Kichler
et al. 1999, Hoelzel et al. 1999). In this thesis,
modern molecular and analytical tools were em-
ployed to elucidate the genetic affinities and
history of the landlocked seals inhabiting Lake
Baikal and the Caspian Sea, two remote conti-
nental basins. Furthermore, the current structure
and history of ringed seal (Phoca hispida) po-
pulations in Fennoscandia and worldwide were
explored. Patterns of genetic diversity at various
levels of evolutionary divergence were then con-
trasted with the knowledge of geological his-
tory. “The Ice Ages”, recurrent Plio-Pleistocene
glaciations, are expected to have had an acute
impact on the evolutionary history of many
North European taxa, including seals.
1.2 “The Ice Age”
The cooling of the Earth’s climate during the
Cenozoic Era led to the major glaciation periods
that started ca. 2.6 million years ago (Mya;
Andersen and Borns 1997). Approximately 0.9
Mya the climatic fluctuations became increa-
singly dramatic, with ice sheets on the circum-
arctic continents extending to as far south as 40
degrees northern latitude (Andersen and Borns
1997, Thiede et al. 1998). A schematic oxygen
isotope curve for the Pliocene and Pleistocene
deep-sea sediments demonstrates the cyclical
changes in the northern hemisphere climate (Fig.
1). During the glacial maxima, millions of cu-
bic kilometres of evaporated seawater was
bound to continental glaciers (Elverhøf et al.
1998).
The advancing ice sheets have repeatedly de-
stroyed boreal terrestrial habitats, restricting
species distribution to hospitable areas south of
the ice (Hewitt 1996). During the interglacial
periods, organisms surviving in these refugia re-
colonised the previously glaciated areas, at times
remarkably rapidly (Hewitt 1996, Taberlet et al.
1998). The recurrent expansions and con-
tractions of the ice sheets have had a two-fold
impact on biotic communities. On one hand, by
inducing barriers to gene flow, ice sheets may
have promoted species diversity through allo-
patric speciation (Hewitt 1996, Avise et al. 1998,
Hewitt 2000, Hewitt 2001). On the other hand,
the overall diversity is reduced – the young
northern ecosystems are less complex than their
old and more stable southern counterparts
(Hewitt 2000). In genetic terms, populations
inhabiting an area once covered by ice are usu-
Fig. 1. Quaternary temperature changes reconstructed from oxygen isotope ratio (18O/16O) fluctuations in
the deep-sea sediment cores from the North Atlantic (reproduced from Andersen and Borns 1997). The
curve demonstrates the major steps towards a cooler climate ca. 2.6 Mya, 1.8 Mya and 0.9 Mya.
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ally less variable due to the recurrent reductions
in population sizes (bottlenecks) associated with
the colonisation events (Hewitt 1996). Genetical
effects of Pleistocene glaciations have been do-
cumented for a number of terrestrial and fresh-
water organisms (e.g. Sage and Wolff 1986, Väi-
nölä 1994, Merilä et al. 1997, Lunt et al. 1998,
Taberlet et al. 1998, Engelbrecht et al. 2000, He-
witt 2000, Comps et al. 2001, Demboski and
Cook 2001).
Glacial cycles have profoundly affected
marine ecosystems as well (see e.g. Stanley et
al. 1996). In the marine environment, the cli-
matic fluctuations were accompanied with
changes not only in water temperatures or the
extent of ice cover, but also in surface and deep-
sea currents (Elverhøf et al. 1998), intensity of
coastal upwelling (Berta and Sumich 1999 and
references therein) as well as salinity (Chapman
et al. 2000). These alterations have changed the
productivity of marine ecosystems and further
affected the climate (Hewitt 1996, Thiede et al.
1998). The formation of glaciers also caused sea-
level regressions that disunited marine basins
(Andersen and Borns 1997). Combined, these
glaciation-induced factors have had a severe
impact on marine organisms of the northern seas
but may also have affected species with tropical
and temperate distributions (see e.g. Bowen et
al. 2001).
1.3 The climatic cycles and the evolution
of the phocine seals
At present the northern seas (here taken to in-
clude the marine basins between the Northern
Atlantic and Bering Strait, as well as the Bering
and Okhotsk Seas in the Pacific Ocean) are in-
habited by eleven pinniped species, including
two eared seal species (Otariidae), the walrus
(belonging to a monotypic family Odobeniidae)
and eight species classified to the true seal fa-
mily (Mammalia: Phocidae; Table 1). Together
with the landlocked Caspian seal (Phoca caspi-
ca) and Lake Baikal seal (Phoca sibirica), these
phocid taxa form the subfamily Phocinae, north-
ern true seals (e.g. Burns and Fay 1970, De Mui-
zon 1982).
The majority of phocines are pagophilic
Table 1.  An overview of seal taxonomy (Chapskii 1955a). Subspecies from King (1983).
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(“ice-loving”), despite differences in their dis-
tribution, adaptation to ice cover and prey (Da-
vies 1958). It is supposed that the ancestor of
this subfamily lived in the margins of the north-
ern Atlantic during the Middle Miocene ca. 14
Mya (Ray 1976a, Berta and Wyss 1994, but see
Koretsky and Holec 2002).
As with most northern taxa, the phocine
seals have been subjected to the cyclic changes
of the northern hemisphere climate (McLaren
1960, McLaren 1966, Ray 1976b, Perry et al.
1995). During the Pleistocene, expansions of
marine ice and concomitant changes in the sea
level have allegedly induced the diversification
of the Phocina (Chapskii 1955a) species group
(Árnason et al. 1995, Hoberg 1995, Árnason et
al. 1996, but see Árnason et al. 2000). The for-
mation of continental ice sheets and proglacial
lakes has supposedly assisted the colonisation
of the Caspian Sea and Lake Baikal by Arctic
phocines (King 1983, see also McLaren 1960,
Ray 1976b, Sasaki and Numachi 1997). Further-
more, the most recent glacial cycles have had a
significant effect on the intraspecific genetic
variability, as previously demonstrated for the
harbour seal (Phoca vitulina; Stanley et al. 1996,
Goodman 1998, Burg et al. 1999) and the grey
seal (Halichoerus grypus; Boskovic et al. 1996).
Despite the general profound effect of the
Pleistocene glaciations on the phocines, inter-
specific differences in severity may exist due to
differences in the pagophilic habits of the mo-
dern taxa. Whereas the harbour seal and the grey
seal inhabit mainly boreal ice-free habitats and
whelp predominantly on land (Bonner 1994),
the ringed seals breed on ice and are well adapted
to arctic conditions. They are also able to main-
tain entrance and breathing holes in areas co-
vered with fast ice. Consequently, we may expect
that the Pleistocene glacial maxima have had a
less pronounced effect on the ringed seal popula-
tions than on the boreal species.
1.4 The ringed seal – a truly northern
northern true seal
The ringed seal is the most abundant and the
most arctic of phocine seals (King 1983). It is
dependent on stable ice and good snow cover:
breeding takes place in subnivean lairs on land-
fast (preferred) or pack ice (Reeves 1998). As
with other seals inhabiting pack ice, ringed seals
are believed to be effectively monogamous
(Berta and Sumich 1999). Although ringed seals
are often considered as philopatric (McLaren
1958), tagging studies have documented migra-
tions of more than 2000 km (Kapel et al. 1998).
Seasonal migrations usually follow suitable ice
conditions (Kapel et al. 1998, Reeves 1998).
Several million ringed seals inhabit the
Arctic Ocean (the nominate subspecies P. h. his-
pida, see Frost and Lowry 1981), occasionally
all the way up to the North Pole (Reeves 1998),
as well as the North Atlantic, North Pacific and
Okhotsk Sea (Fig. 2a; King 1983). Being ubi-
quitous and relatively easy to hunt, ringed seals
are of vital importance for two other Arctic
mammals: the polar bear (Ursus maritimus) and
man (Homo sapiens). The ringed seal continues
to hold high economic value for the Inuit com-
munities (Reeves 1998).
In addition to the main Arctic population,
ringed seals inhabit the Baltic Sea, the White
Sea, Lake Saimaa and Lake Ladoga in Fenno-
scandia (Fig. 2b). These marginal populations
were established at the end of the last (Weich-
selian) glaciation phase. Atlantic ringed seals in-
vaded the Baltic basin during the deglaciation
ca. 11 500 years ago and were cut off from the
main Arctic stock ca. 10 900 years ago, when
the marine connection between the North Sea
and the Baltic (Yoldia) Sea temporarily closed
(Forstén and Alhonen 1975, Donner 1995; Fig.
3). Soon after the initial isolation, part of the
Baltic population became trapped into several
Fennoscandian lakes, newly emerging due to
rapid isostatic land uplift (Müller-Wille 1969,
Donner 1995). Today, these landlocked seals
survive in Lake Saimaa and Lake Ladoga. They
are now considered as subspecies P. h. saimensis
and P. h. ladogensis with diagnostic morpho-
logical differences between them (Hyvärinen
and Nieminen 1990).
During the last 10 000 years (10 ky, the
Holocene), the main Arctic population has pro-
bably remained large, today comprising perhaps
up to 7 million individuals (Reeves 1998). The
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inferred historical population size of the Baltic
population has also been large, ca. 100 000– 300
000 (Durant and Harwood 1986, Hårding and
Härkönen 1999, Kokko et al. 1999). An estima-
ted 10 000 - 20 000 seals have inhabited Lake
Ladoga in the beginning of the 20th century (Si-
pilä and Hyvärinen 1998). Meanwhile, the Sai-
maa ringed seal population has probably never
been particularly large; estimates for historical
population sizes range from 2 500 (Hyvärinen
and Sipilä 1992) to less than 1 000 (Kokko et
al. 1999). These postglacial relict populations
have all experienced a strong decline in the 20th
century (Sipilä et al. 1990, Härkönen et al. 1998,
Sipilä et al. 1996).
1.5 The study
By assessing patterns of contemporary genetic
diversity, I have aimed to elucidate the phyloge-
netic affinities of the landlocked Caspian and
Baikal seals, and the Quaternary history of the
ringed seal populations in the Arctic Ocean and
in the Fennoscandian marginal postglacial ba-
sins. More specifically, the questions in the four
papers (I–IV) included were:
1.5.1 The origin of the landlocked Baikal
seal and Caspian seal (I).
The enigmatic presence of seals in two old Eur-
asian basins, Lake Baikal and the Caspian Sea
(Fig. 2a), has drawn much attention and gene-
rated a variety of hypotheses about the origin
and genetic affinities of these seals (e.g.
Chapskii 1955b, Davies 1958, McLaren 1960,
Sasaki and Numachi 1997). In most cases, these
landlocked species are considered to descend
from the ringed seal; the three species comprise
the (sub)genus Pusa (Scheffer 1958). Ray
(1976b) and Koretsky (2001; see also Árnason
et al. 1995) suggested that Pusa emerged in the
Paratethys, a brackish inland sea covering large
parts of southeast Europe and Asia Minor ca.
15–5.5 Mya (e.g. Grigorescu 1976). In contrast,
McLaren (1960), along with several other
authors, argued that the ancestor of the Pusa
lived in the North Atlantic or Arctic Ocean. The
suggested times for the continental invasion have
Fig. 2. The distribution of the ringed seal (grey)
a: worldwide, b: in the four Fennoscandian
postglacial basins and c: within Lake Saimaa.
In b and c, primary breeding areas are
indicated with darker shading.
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varied from the Late Miocene ca. 6 Mya (McLa-
ren 1960) to the Middle Pleistocene ca. 300 kya
(Davies 1958, Sasaki and Numachi 1997).
Hypotheses explaining the peculiar landlocked
distribution and the timescale of the continental
invasions were evaluated here by constructing
a mitochondrial gene phylogeny for Baikal and
Caspian seals and seven other phocine taxa.
1.5.2 Quaternary population history of the
Arctic ringed seals (II, III)
The actual number as well as the stock identity
of the large Arctic ringed seal population, classi-
fied into one subspecies P. hispida hispida (Frost
and Lowry 1981), is largely unknown (Reeves
1998).
Here, genetic diversity of the Arctic ringed seals
from Alaska (the Bering and Beaufort Seas) and
the Svalbard archipelago was investigated to
examine the Quaternary history of the main rin-
ged seal population. The population history was
inferred from patterns of intraspecific genetic
diversity and through interspecific comparisons.
As no drastic demographic changes are believed
to have taken place in the Arctic ringed seals
since the last deglaciation, the genetic diversity
of the main Arctic stock also provides a referen-
ce point against which the diversities of the post-
glacial populations can be compared.
1.5.3 Holocene history of the ringed seals
from the Baltic and White Seas (II, III).
It has been suggested that the Baltic ringed seals
have remained isolated from the Arctic popula-
tion during the Holocene, mainly due to distance
and inhospitable (ice-free) areas along the
Norwegian coast, in the North Sea and South
Baltic (Müller-Wille 1969, Forstén and Alhonen
1975). Although large throughout most of its 10
ky history, the size of the Baltic population
declined severely in the 19th and 20th centuries
due to human actions. In the mid 1990’s, only
an estimated 5 500 (hauled-out) ringed seals
remained in three geographically separate main
breeding areas in the Gulf of Bothnia (ca. 4000
ind.), Gulf of Finland (ca. 150 ind.) and Gulf of
Riga (ca. 1 500 ind., Fig 2b; Härkönen et al.
1998).
Microsatellite and mtDNA diversity of the
Baltic ringed seals were contrasted with the
Arctic diversity patterns to infer Holocene po-
pulation history, e.g. effective population size
and gene flow between the Baltic and Arctic
ringed seals. Differentiation between two Baltic
breeding areas (the Gulf of Finland and Gulf of
Bothnia) was also assessed. In addition, mtDNA
diversity in a sample of eight specimens from
the White Sea was examined to estimate the ge-
netic diversity and differentiation of this largely
unknown postglacial population.
1.5.4  Genetic diversity and population
structure of the landlocked ringed seals (II,
IV).
The two lacustrine daughters of the Baltic rin-
ged seals in Lake Saimaa and Ladoga have been
landlocked for roughly 9 500 and 9 000 years,
respectively (Forstén and Alhonen 1975, Don-
ner 1995, Björck and Sandgren 1987). Lake
Saimaa in SE Finland differs drastically from
the open continuous marine seal habitat: it is a
shallow (mean depth 12 m) labyrinthine lake net-
work dotted with some 14 000 islands (Kuusis-
to 1999). Human actions brought the Saimaa
Fig. 3. The geological history of the Baltic Sea
basin in the Holocene. Arctic ringed seals, which
followed the retracting ice margin invaded the
Baltic basin most likely during the Yoldia phase
c. 10 900 years ago (reproduced with permission
from Eronen et al. 2001).
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ringed seal to the edge of extinction in the 20th
century. At the beginning of the 1980’s, only
100 seals remained in four separate breeding
areas (Fig. 2c; Sipilä et al. 1990). Since then,
there has been a gradual increase – in 2001 the
population numbered ca. 220 seals, mainly in
the central parts of the lake (Sipilä and Koskela
2001). Ranta et al. (1996) and Kokko et al.
(1998) have shown that the Saimaa ringed seal
is under a constant threat of extinction due to
demographic stochasticity, possibly enhanced by
population fragmentation in the complex lake
system.
The (relative) genetic risks for the survi-
val of the Saimaa ringed seal were evaluated
based on the inferred post-glacial increase of
inbreeding. The Saimaa ringed seal provides a
good model population for the study of genetic
effects of postglacial isolation because: a) the
amount of genetic variation in the founder pop-
ulation can be estimated by reference to the
marine ringed seals of the Baltic Sea and Arctic
Ocean and b) the time of isolation is known from
the geological record of Fennoscandian lake
history.
    In addition, the genetic effects of the popula-
tion fragmentation within the lake were rough-
ly evaluated by inferring the differentiation be-
tween the northern and southern parts of Lake
Saimaa from DNA microsatellite data. Implica-
tions of the genetic results for the conservation
of the Lake Saimaa and Baltic ringed seals are
also discussed.
2. MATERIALS AND METHODS
2.1 Samples
Nine of the ten phocine species (excluding the
harp seal, Pagophilus groenlandicus) were
studied for assessment of the phylogenetic
affinities of the Baikal and Caspian seal. To
reconstruct the intraspecific phylogeography of
the ringed seal, more than 350 samples repre-
senting the main Arctic population (Alaska and
Svalbard) and four isolated Fennoscandian relict
populations (Baltic Sea, White Sea, Lake Saimaa
and Lake Ladoga) were obtained. The muscle
and liver tissue used as a source of DNA were
from samples collected for a variety of scientific
purposes, e.g. environmental toxin monitoring.
The Saimaa ringed seals were not disturbed by
intrusive sample collection – the material came
from seals found dead and returned to the
University of Joensuu from 1980 onwards. The
tissue samples were preserved frozen or in
ethanol.
2.2 Molecular markers – an overview
Here, a general description of the methods used
in the study is presented; laboratory procedures
and analytical methods are specified in detail in
the original papers.
Contemporary genetic diversity has been
shaped by the ecology and history of the species
or population in question. Consequently, the
genomes carry information regarding these
events (e.g. mating system, vicariance events or
population size changes), which can be inferred
from patterns of genetic diversity at molecular
marker loci (Avise 1994, Hillis et al. 1996).
However, due to e.g. selection, the molecular
genealogies do not necessarily recapitulate orga-
nismal history and therefore reliable inferences
of organismal history require data from multiple
unlinked marker loci (Nichols 2001, Ballard et
al. 2002, Hewitt 2001).
Direct DNA-level comparisons, especially
of the noncoding parts of the genome, became
widely feasible by the advent of PCR (Polyme-
rase Chain Reaction) technology in the late
1980’s. Since this “PCR-revolution” two mark-
er classes, nuclear microsatellites and mitochon-
drial DNA (mtDNA) sequences, have domina-
ted phylogenetic and population genetic assess-
ments (Avise 2000).
2.2.1 Mitochondrial DNA sequences
In phylogenetic inference, mitochondrial DNA
markers have several advantages over nuclear
sequences. The largely clonal, maternal inheri-
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tance and lack of recombination (see Macaulay
et al. 1999) enable the recovery of intraspecific
matrilineal genealogies. Due to considerable va-
riation in the evolutionary rates between diffe-
rent segments (see Lopez et al. 1997, Pesole et
al. 1999), mtDNA sequences can be informative
across a large span of evolutionary time (e.g.
Hillis et al. 1996, Avise 2000).
Phylogenetic patterns are often geographi-
cally restricted (e.g. Hewitt 2001). Phylogeo-
graphy investigates the geographical distribution
of genealogical lineages (Avise et al. 1987); it
yields information on current gene flow as well
as past evolutionary history (Fedorov et al.
1996), adding an evolutionary perspective to
biogeographic analyses (Smouse 1998).
The formulation of the coalescent theory
(Hudson 1990) connected phylogeny and demo-
graphy mathematically, thus allowing inference
of population history from genetic data. Yet,
these inferences, especially from the hypervaria-
ble regions of the mtDNA genome, can be
impaired by the complex dynamics of molecular
evolution (e.g. Salas et al. 2000, Arbogast et al.
2002). Although often critical for the accuracy
of inferences of population history, the mode
and rate at which the new allelic variants arise
at the marker loci is not always well understood
(see e.g. Driscoll et al. 2002).
Sequence data were obtained from three
mitochondrial protein coding genes cytochrome
b (Cyt b, 1140 bp), cytochrome oxidase I (COI,
1545 bp) and cytochrome oxidase II (COII, 684
bp). Based on these data, the affinities and times-
cale of the continental invasions of the Caspian
and Lake Baikal seals were inferred.
Furthermore, sequence variation in 416 bp
of the noncoding mitochondrial control region
(CR) was assessed to evaluate the Quaternary
history of ringed seal populations in the Arctic
and several Fennoscandian populations.
2.2.2 Microsatellites
Microsatellites are highly polymorphic stretch-
es of tandemly repeated 1-5 bp DNA elements
(e.g. …ACACACA...), often highly variable in
the repeat number. They have proven informa-
tive in genetic studies from the individual (”ge-
netic tagging”, paternity analyses, assignment
tests) to population levels (estimation of gene
flow between populations, demographic histo-
ry or effective population size). Their utilisa-
tion in ecological studies has been covered in
reviews by Queller et al. (1993), Jarne and La-
goda (1996), Estoup and Angers (1998), Gold-
stein and Schlötterer (1998) and Balloux and
Lugon-Moulin (2002). Increased resolution in
population genetic analyses can be acquired by
including data on both frequencies and the ge-
nealogy of the alleles. Analytical tools based on
maximum likelihood, coalescent and Bayesian
methods enable the inference of more detailed
information of, for example, evolutionary pa-
rameters (e.g. mutation and migration rates), ef-
fective population size or coalescence (reviewed
in Luikart and England 1999).
Numerous microsatellites have been de-
signed for the study of pinniped populations (e.g.
Allen et al. 1995, Goodman 1997, Andersen et
al. 1998, Hoelzel et al. 1999, Kretzmann et al.
2001). Many of the primers successfully amplify
microsatellite loci in several seal species
(Gemmell et al. 1997). Using eight primer pairs
originally designed for the harbour seal (SGPV-
; Allen et al. 1995) and the grey seal (Hg-;
Goodman 1997), genetic diversity in the Arctic,
Baltic and Lake Saimaa populations were assess-
ed in order to evaluate the history of these
populations.
3. RESULTS AND DISCUSSION
3.1. The origin of Baikal and Caspian
seals: evidence for Pliocene Arctic
invasion of the two Asiatic continental
basins (I)
In the total data set of 3 369 bp of protein cod-
ing mitochondrial sequence from nine phocine
taxa 719 variable sites were observed. The
phylogenetic analyses showed that the Baikal
and Caspian seal lineages group closely togeth-
er with the grey, ringed, harbour and larga
(Phoca largha) seal mtDNA lineages (Phocina-
group; Chapskii 1955a; see Table 1). Resolu-
tion among these Phocina lineages was poor, as
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evidenced by the unresolved trichotomy and the
low branch support in the phylogenetic trees
(Fig. 4).
While monophyly of the Pusa lineages was
not conclusively ruled out by the mtDNA data
there appears to be no particular affinity between
the ringed, Baikal and Caspian seals. Rather, in
the trees the Caspian seal clustered together with
the grey seal, although the support also for this
association is weak.
A likelihood ratio test (Kishino and Hase-
gawa 1989, Shimodaira and Hasegawa 1999)
revealed significant interlineage variation in the
mtDNA divergence rates among the phocine
taxa. Rate variation between lineages confounds
reliable estimation of divergence time assuming
a molecular clock (Arbogast et al. 2002), but
this may be at least partially circumvented by
using the non–parametric rate smoothing
(NPRS) method of Sanderson (1997). Using this
method, the phocine divergence times were
estimated as proportions of the cat (Felis catus)
- dog (Canis familiaris) divergence from a ML-
tree that included these two additional taxa as
well as outgroup sequences from the finback
whale (Balaenoptera physalus) and hippopota-
mus (Hippopotamus amphibius; see I).
The NPRS-method suggests that the basal
phocine divergence constitutes 29.0% of the cat-
dog divergence. Based on palaeontological refe-
rence from a number of vertebrate taxa and
multigene data, the absolute time of the cat-dog
divergence has been dated to 55 (50 – 60) Mya
(Springer et al. 2003). Assuming this calibra-
tion, the root of the phocine mtDNA linegaes
would be dated to 0.29 x 55 = 16.0 (14.5 – 17.4)
My. Similarly, the root of the Phocina group
mtDNA lineages make 5.2% of the cat–dog di-
vergence, and would be placed at 2.9 (2.6 – 3.1)
My.
However, as species divergence involves
sorting of lineages already present in the ances-
tral population, the molecular divergence nec-
essarily predates species divergence (Edwards
and Beerli 2000). Assuming that the intraspe-
cific diversity (i.e. long term effective popula-
tion size) in the ancestral population was simi-
lar to that of the modern taxa (esp. P. hispida)
we can guesstimate the magnitude of difference
between the molecular and species divergence.
The essential feature of the mtDNA variation in
the ubiquitous Arctic ringed seal (II) is the pres-
ence of numerous old lineages, which trace back
to up to ca. 1.0 Mya (see below). If the genetic
constitution of the ancestral population was sim-
ilar, the molecular data would overestimate the
species divergence maximally by this age, im-
plying that radiation of the Phocina group (spe-
cies divergence) would have taken place ca. 1.9
Mya. This estimate coincides with the most re-
cent split among the Phocina mtDNA lineages
– the divergence between H. grypus and P. caspi-
Fig. 4. A maximum parsimony / Neighbour-joining phylogeny of the nine phocine taxa. The NJ-tree was
constructed assuming gamma-corrected HKY85 substitution model (Hasegawa et al. 1985) with shape
parameter α = 0.154. The numbers indicate Bremer support (above; Bremer 1994 ) and bootstrap values
(below the lines) for the given branch. The five Phocina lineages appear equally closely related to each
other, and may have diverged some 2.9 Mya.
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ca dated at 2.0 My using the NPRS method. As-
suming a star phylogeny for the Phocina lineag-
es, the latter could also be taken as a reasonable
estimate for the species divergence date.
In contradiction to earlier hypotheses of a
Paratethyan origin for the subgenus Pusa (Ray
1976b, Koretsky 2001), or tribe Phocini (Árna-
son et al. 1995), the relatively concurrent radi-
ation among Phocina and the oceanic distribu-
tion of most of the modern taxa suggest that the
diversification of this group took place in the
northern oceans. As opposed to scenarios in-
volving an origin in the temperate Paratethyan
Sea, the Arctic origin hypothesis would plausi-
bly explain the emergence of the white natal hair
and the perpetuation of the ice breeding habit in
the Phocini (cf. Perry et al. 1995).
It therefore appears likely that Lake Baikal
and the Caspian Sea were invaded by marine
ancestors from the north, as proposed by several
authors (Chapskii 1955b, Segerstråle 1957,
Davies 1958, McLaren 1960). This, as such,
would be consistent with the notion of P. caspica
as part of the “Arctic element” of the Caspian
Sea fauna, which also includes several coldwater
invertebrates and fish (see Segerstråle 1957).
However, the authors above suggested that the
continental invasion by seals took place either
in the Tertiary (> 5 Mya; McLaren 1960) or
Middle Pleistocene, facilitated by the creation
of large ice-dammed lakes in central Siberia ca.
300 kya (Pirozhnikov 1937, Chapskii 1955b,
Davies 1958). In addition, Zubakov (2001) has
proposed that the entry of seals was associated
with a major Pliocene Caspian transgression ca.
3.4 Mya. In contrast to these timescale suggesti-
ons, the mtDNA sequence data rather point to
invasions during the Late Pliocene roughly 2
Mya, i.e. after the Caspian transgression, but
prior to the major continental glaciations that
started ca. 0.9 Mya. The paleohydrography
allowing the access to the landlocked basins thus
remains enigmatic.
3.2. Genetic diversity in the Arctic ringed
seals indicate weak impact of Pleisto-
cene glaciations (II, III)
Nuclear and mitochondrial markers confirm high
levels of genetic diversity in the Arctic ringed
seals. A unique mtDNA control region haplotype
was detected in all forty-six individuals from
Alaska (the Beaufort and Bering Seas) and the
Svalbard archipelago. Nucleotide diversity was
high (Table 2) and the phylogenetic pattern
involves several deep lineages (Fig. 5). As with
the mtDNA diversity, microsatellite heterozygo-
sity was high (Table 2) among the 39 Svalbard
specimens studied. Analysis of molecular
variance (AMOVA) showed no significant
geographic structuring of mtDNA variation
between Alaska and Svalbard samples (ΦST =
0.003, P = 0.351).
The distribution of pairwise differences
(mismatch distribution, see II) of the Arctic cont-
rol region haplotypes was slightly bimodal, with
the prominent peak at around 20 observed diffe-
rences (or at around 27 substitutions, estimated
assuming gamma-corrected Kimura 2-parameter
substitution model; Kimura 1980, Schneider and
Excoffier 1999). The observed distribution
could not be distinguished from the unimodal
distribution expected under a stepwise
population expansion. According to this model
the population suddenly expanded from N0 to
N1, τ = 2ut mutational events ago (where u is
the number of mutations per haplotype and t the
number of generations; Rogers and Harpending
1992).
In the Cyt b data, the main intraspecific
mtDNA lineages observed in P. hispida consti-
tute ca. 34% of the average interspecific diver-
gence among five Phocina taxa (P. hispida, P.
sibirica, P. caspica, P. vitulina, H. grypus; syn-
onymous changes, estimated with the PBL-
method; Pamilo and Bianchi 1993 Li 1993). If
the mtDNA lineages of these taxa diverged ca.
2.9 Mya (above), this would suggest that the in-
traspecific mtDNA divergence in P. hispida
would have originated some 1.0 Mya, which,
assuming an 11-year generation interval, would
imply a rate of u = 1.8·10-4 substitutions haplo-
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type-1 generation-1 in the control region (III, II).
Estimated from the mismatch distribution, the
demographic event producing the main peak in
the Arctic mtDNA sequences took place τ = 2ut
= 27.3 (20.4 – 33.6) mutational units ago, which,
assuming the above u, would trace back to 0.84
(0.63 – 1.02) million years ago.
Assuming the demographic model of Rog-
ers and Harpending (1992), the control region
diversity suggests a very large long term post-
expansion effective size for the Arctic seals. The
size scaled with a mutation rate was θ = 2Neu =
127, which, assuming the rate above, would in-
dicate effective female population size of ca. Ne
= 3.5·105. From the microsatellite diversity in
the Svalbard ringed seals we get a somewhat
smaller estimate for female effective size of Ne
≈  1.6·104 – 1.6·105. This inference assumes
microsatellite mutation rates between  10-4 and
10-5, mutation-drift equilibrium and equal sex
ratios.
In the Arctic ringed seals the intraspecific
genetic diversity was very high and traces back
to perhaps up to ca. 1.0 My, which appears rather
exceptional intrapopulational divergence for an
Arctic species. The observed diversity pattern
is compatible with a demographic and range
expansion (see Ray et al. 2003) that coincided
with the start of the most dramatic Pleistocene
glaciation phases. This suggests that the Arctic
ringed seals have been able to maintain large
populations size and high migration rates
throughout the Pleistocene. As the ringed seals
are well adapted to arctic conditions, they have
probably been able to effectively exploit the
increase of suitable breeding habitat during the
glacial periods. This is further supported by
interspecific comparisons: significantly lower
mtDNA variation levels has been reported from
the harbour seal, a common boreal phocine
largely restricted to ice-free areas of the Atlantic
and Pacific Oceans (Bonner 1994). In agree-
ment, microsatellite diversity (H = 0.82) sugg-
ests that the long-term effective population size
of the ringed seal have been 6.5 times that of
the harbour seal, and 1.5 times that of the grey
seal (assuming mutation-drift equilibrium and
a single-step mutation model, e.g. Nei 1987).
3.3. Genetic diversity in the Fenno-
scandian postglacial populations (II-IV)
3.3.1 Conflicting results from different
markers
In general, the postglacially established Fenno-
scandian populations showed successively lower
genetic diversities as compared to the Arctic
ringed seals (Table 2), although the Baltic Sea
(and Lake Ladoga) population still retain high
mtDNA haplotype (II) and microsatellite (III)
diversity. The overall microsatellite allele
frequency differentiation between the Arctic and
the Baltic was low (F
ST
 = 0.023). Within the
Baltic population, no signs of geographical
segregation of microsatellite or mtDNA diversity
between Baltic Sea breeding areas (Gulf of
Finland / Gulf of Bothnia) were detected.
The mtDNA nucleotide diversity in all the
Fennoscandian populations is clearly reduced,
however. The mtDNA variability is organized
in five deeply rooted lineages (A-E, separated
by 13-28 differences) with relatively shallow di-
vergence within each intralineage haplogroup
(less or equal to 6 differences, Fig. 5c). Four of
these lineages were detected in the Baltic Sea,
three in Lake Ladoga and one in both Lake Saim-
aa and the White Sea. Except in lineage A, Fen-
noscandian haplotypes intermix with Arctic hap-
lotypes within lineages and four of the lineages
Table 2. Estimates of genetic diversity in the
Arctic and Fennoscandian ringed seal popula-
tions.
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Fig. 5.  MtDNA control region diversity in the ringed seals visualised by NJ-trees; haplotypes from a) all,
b) Arctic and d) postglacial ringed seal populations. The mutation model assumed in the analysis was
Tamura-Nei (1993) with gamma correction for rate heterogeneity between sites ( α=0.13). The numbers
denote bootstrap support values. The Fennoscandian mtDNA variability is organised in five distinct line-
ages A-E.
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(A, C-E) were shared between two or more Fen-
noscandian basins (Fig. 5a).
To explain the distinctive patterns of gene-
tic diversity, two alternative scenarios of popu-
lation history must be considered, neither of
which is firmly supported by the data. In what
follows, I will evaluate these “post-glacial” and
“pre-Holocene” hypotheses.
The geographic segregation of the shallow
mtDNA clusters readily suggests a (“postgla-
cial”) scenario where a bottleneck associated
with the colonisation of the Baltic basin initial-
ly reduced the number of ancestral Arctic line-
ages to five or so. Further losses of the ances-
tral mtDNA lineages then took place in each
basin during the postglacial time. Within the re-
maining lineages, mutations accumulated post-
glacially generating the intralineage variation.
This hypothesis, however, suffers from several
problems.
The scenario would require a severe Baltic
bottleneck reducing the number of Atlantic hap-
lotypes soon after the initial colonisation before
entrapment of the lake populations, and subse-
quent isolation of the Baltic population from the
Arctic seals. This is at odds with high microsat-
ellite diversity in the Baltic and recurrent gene
flow between Arctic and Baltic populations, also
inferred from the microsatellite data (III). In ad-
dition, the hypothesis would demand a mono-
phyly of haplotypes from each postglacial ba-
sin, which is refuted by maximum parsimony
analyses of two data subsets (II).
In an alternative “pre-Holocene” scenar-
io, even the intralineage CR variation would pre-
date the colonisation of the Baltic basin. Using
the Cyt b – based CR substitution rate estimates
(above), the divergence would have started ca.
180 kya and the putative reduction of lineages
would have predated that event. This would be
plausibly explained by demographic and/or
range expansion during the Saalean glaciation
(cf. results from the Arctic population above).
The pre-Holocene hypothesis also has
several counterarguments. It seems to require
that the Baltic population derived from an
unidentified ancestral stock in the North
Atlantic, effectively isolated from the here asses-
sed Svalbard-Alaska ringed seals throughout
much of the Weichselian. The weak micro-
satellite divergence between the Arctic and
Baltic populations is also in sharp contrast with
this scenario. A higher divergence in mito-
chondrial relative to nuclear markers could result
from male-biased gene flow in the ringed seal.
Gene flow in several mammal species is highly
asymmetric, with females being more philopat-
ric than males (see e.g. Greenwood 1980,
O´Corry Crowe et al. 1997, Burg et al. 1999,
Nyakaana and Arctander 1999). However,
tagging studies of ringed seals have failed to
identify any strong male bias in ringed seal
dispersal patterns (Kapel et al. 1998).
Non-monophyly of the Fennoscandian
clusters with respect to the Arctic stock is a prob-
lem also for this hypothesis, but it could be partly
overcome by assuming that the Svalbard popu-
lation represents a merger of the hypothetical
Atlantic and a truly Arctic stock. Roughly half
of the Svalbard haplotypes cluster in lineage C,
and the average divergence among these haplo-
types is in the same order as intralineage varia-
tion in the postglacial populations (ca. 2%, Fig.
5a).
Particularly problematic for the pre-Holo-
cene hypothesis is the segregation of the five
Fennoscandian lineages among the four basins.
If we assume that the mtDNA variation in the
Baltic population has remained similar through
the Holocene, the retention of a number of hap-
lotypes belonging to only one lineage in Sai-
maa and White Sea is improbable. The survival
of multiple colonising haplotypes of lineage A
in Lake Saimaa is also inconsistent with infe-
rences of post-glacial effective population size
(IV, see below).
The likelihoods of these two alternative hy-
potheses depend critically on the mutation fre-
quencies at the marker loci. The pre-Holocene
hypothesis would be compatible with the Cyt b-
based rate estimated above, and also with rates
generally suggested for mammalian mitochon-
drial coding regions (e.g. Pesole et al. 1999). In
contrast, the postglacial hypothesis would re-
quire about twenty times higher CR substitu-
tion rate to generate the control region variation
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detected in the Fennoscandian populations dur-
ing the Holocene, which appears exceptional.
Nevertheless, some control region sites are
known to evolve remarkably rapidly (Heyer et
al. 2001). We may suspect that the used muta-
tion models (gamma-corrected TrN93- and K2P-
models) are not able to account for the suspect-
ed extreme rate heterogeneity in the control re-
gion, thus leading us to overestimate the age of
the recent divergences (Arbogast et al. 2002). A
high mtDNA mutation rate also seems to accord
well with the intralacustrine coalescence histo-
ry of the mtDNA molecules (see below), but
would lead to twenty times lower effective
population size estimates, compatible with the
Arctic Nes inferred from microsatellites only if
also the microsatellite mutation frequencies were
high.
Thus counterarguments to both hypothe-
ses remain. The Atlantic ancestors of the Fen-
noscandian ringed seal populations appear to
have a complex history. Additional sampling,
especially from the western Atlantic, and anal-
yses with other DNA markers are required to
further elucidate the past.  However, for the re-
maining discussion, the postglacial hypothesis
is considered as more plausible.
3.3.2. The landlocked populations: postgla-
cial loss (and gain) of genetic diversity  (II,
IV)
The Saimaa ringed seals have 68% lower micro-
satellite and 87% lower mtDNA CR nucleotide
diversity than the marine reference population.
Assuming mutation rates of around 10-4, the ac-
tual loss of microsatellite diversity would be F
~ 0.74. A reduction of this magnitude would cor-
respond to an average effective size of ~320
seals during the 860 generation-long lacustrine
isolation (estimated as Ne = -0.5t/ln(1-F); e.g.
Hartl and Clark 1997). The coalescent based
maximum likelihood method of Berthier et al.
(2002; assuming no mutation) gave a slightly
higher estimate Ne = 451 (95% confidence in-
terval 296 – 659).
The reduction of genetic variability (as
measured from the microsatellite loci) in the
Saimaa ringed seals is similar to those reported
from several other endangered mammals, e.g.
the southern elephant seal M. leonina (Hoelzel
et al. 1999) or Ethiopian wolf Canis simensis
(Gottelli et al. 1994). In the Saimaa ringed seal
the ratio of the number of microsatellite alleles
to the allele size range, expected to decrease
when alleles are randomly lost in a bottlenecked
population, was the smallest reported thus far,
M = 0.57 (IV, Garza and Williamson 2001).
Given that the Ne
 
/ N ratios in mammals
can be as low as 0.1 (Frankham 1995), the in-
ferred long-term effective population size of ca.
350 specimens for the Saimaa ringed seals is
marginally compatible with the proposed cen-
sus size of 2 500 in the past (Hyvärinen and Si-
pilä 1992). If this Ne estimate roughly holds, it
lends additional support for the retention of only
one ancestral mtDNA lineage in Lake Saimaa,
making the postglacial hypothesis of mtDNA di-
versity in the Fennoscandian populations
(above) more plausible. Simulation studies have
shown that isolated daughter populations formed
randomly from a large, well-mixed ancestral
population attain monophyly with high proba-
bility in 4Ne(f) generations (Avise 2000). Con-
sequently, assuming equal sex ratios and stable
population sizes, the Saimaa ringed seal would
have attained monophyly in 700 generations or
7 700 years, i.e. within the time span of their
postglacial isolation. The microsatellite diver-
sity would thus concur with the mtDNA results
only if we assume that the five Lake Saimaa
mtDNA haplotypes arose during the postglacial
isolation. However, as mentioned above, this
would require abnormally high substitution rates
in the control region.
Although the Saimaa ringed seal popula-
tion now appears geographically subdivided in
the complex lake system (Fig. 2c), microsatel-
lite markers suggest that the Saimaa ringed seal
population has in the past acted as an effective-
ly single genetic unit (FST = 0.02). However, due
to the limited sample sizes, we could not relia-
bly assess the peripheral areas and the test re-
mains rather crude.
Unlike Lake Saimaa, Lake Ladoga is a
deep (mean 51 m, max. 225 m) and more con-
tinuous environment (Kunnasranta 2001). The
Lake Ladoga ringed seal population is in many
aspects an intermediate between the Baltic and
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the Lake Saimaa population. It has been isola-
ted like the Saimaa ringed seals, but the size of
this relict population has plausibly been several
times larger, perhaps 10 000 – 20 000 individu-
als.
Three deep mtDNA lineages are retained
in the Lake Ladoga sample. As no microsatel-
lite data exist, we get a rough estimate of  Ne(f) ~
1 050 for the Lake Ladoga population by multi-
plying the Lake Saimaa estimate by six (ratio of
census size estimates). Under these assumptions,
we would expect two ancestral lineages to re-
main in the lake; Ne(f)  ~ 1 600, marginally com-
patible with the census estimates (assuming Ne
/ N = 0.1), would have ensured retention of three
ancestral lineages (see p. 708 in Emerson et al.
2001). As with Lake Saimaa, this expectation
would also be consistent with the postglacial
mtDNA diversity hypothesis. A significant post-
glacial expansion would be required to produce
the mismatch wave peaking at around four dif-
ferences in the Lake Ladoga mtDNA data.
3.4. Looking ahead: conservation
aspects
Despite some potential threats like global warm-
ing and pollution, the main Arctic ringed seal
population is considered secure (Reeves 1998).
Conversely, the postglacial landlocked popula-
tions are constantly threatened by environmen-
tal and demographic stochasticity (Kokko et al.
1997, Kokko et al. 1998). In particular, the Saim-
aa ringed seal has been on the verge of extinc-
tion due to anthropogenic factors (e.g. Sipilä and
Hyvärinen 1998) since the mid 20th century.
Showing a high degree of site-fidelity (Koskela
et al. 2002; but see IV), the Saimaa ringed seals
are readily affected by changes in their environ-
ment, e.g. by an increasing number of leisure
apartments as well as recreational boat and
snowmobile traffic (Kunnasranta 2001).
With the advent of novel molecular met-
hods genetic studies of endangered taxa have
become widespread (Avise 1995). Nevertheless,
the relative importance of genetic data for con-
servation has been a highly contentious issue.
For example, Lande (1988) and Caro and Lau-
renson (1994) have argued that ecological and
demographical data are more important for mak-
ing conservation decisions. However, as noted
by Avise (1996), these authors associate genet-
ic analysis to a mere heterozygosity assessment.
Information deriving from population genetic
and phylogenetic analyses of DNA marker data
can yield information on e.g. systematics, ge-
netic diversity, spatial patterns, gene flow, de-
mographic history, kinship and mating systems,
all invaluable for conservation considerations
(Avise 1996, Hedrick 2001).
Population genetic data have been widely
used to identify units relevant for conservation,
especially in the marine realm where species or
population boundaries are not obvious (Avise
1998). Below the species-level, DNA markers
have been used to identify intraspecific entities
with some level of demographic independence,
mandating for conservation efforts (Ryder 1986,
Moritz 1994), reviewed in Fraser and Bernatch-
ez (2001).
Microsatellite markers suggest that the Bal-
tic ringed seal population is only weakly diffe-
rentiated from the Arctic seals, and may be
connected to the oceanic seals by recurrent gene
flow (III). Therefore, the genetic basis for the
subspecies status of the Baltic population re-
mains vague. Nevertheless, the inferred gene
flow may not be large enough to prevent the
evolution of adaptive differences, and recent
history has shown that it is not enough to pre-
vent population decline. This partial demograph-
ic independence, together with the distinctive
distribution and history, warrants the treatment
of Baltic ringed seals as an independent entity.
Although the origin of the mtDNA varia-
tion remains contentious, the uniqueness and
conservation value of the Saimaa ringed seal
population is indisputable. It is geographically,
morphologically and ecologically distinct from
the marine seals (Hyvärinen and Nieminen
1990). Isolated due to the postglacial geologi-
cal changes, ringed seals of Lakes Saimaa and
Ladoga represent survivors of perhaps several
populations trapped in lakes and thus hold his-
torical value (see Bowen 1999). Albeit unlikely
to contribute greatly to biodiversity in the long
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term, the Saimaa ringed seal is an important
“umbrella species” for the conservation of the
boreal lake environment. It is also a charismatic
taxon, considered as one of the symbols of na-
ture conservation in Finland.
The isolation history of the Saimaa ringed
seals, as well as the recent decline and fragmen-
tation of all postglacial populations, raises ques-
tions concerning the magnitude and consequen-
ces of loss of genetic diversity. Unless replaced
by migration, erosion of genetic variation is an
inevitable outcome of the enhanced drift in de-
clined or fragmented populations (e.g. Nei
1987). Loss of variation may lead to lack of
adaptive potential and lowered fitness i.e. in-
breeding depression in small populations (e.g.
Lynch and Walsh 1998).
It is generally assumed that the neutral
genetic diversity revealed by DNA markers such
as microsatellites and mtDNA control region
sequences is positively correlated with levels of
adaptive variation (Merilä and Crnocrak 2001,
McKay and Latta 2002). This does not neces-
sarily hold in all situations (see Table 2 in He-
drick 2001, see also Reed and Frankham 2001,
Palo et al. 2003), however, unless there is a
marked difference in the mutation rates between
the neutral and adaptive loci, it is justified to
assume a positive correlation in the Saimaa pop-
ulation. Preliminary results (Väinölä et al., un-
publ.) suggest reduced diversity also in the DQB
locus of the major histocompatibility complex
(MHC) in the Saimaa ringed seals. MHC genes
are involved in the immunological response and
MHC variation is thus expected to be adaptive.
Järvinen and Varvio (1985) suggested that
the Saimaa ringed seals would no longer be af-
fected by inbreeding depression. Apart from a
supposed postglacial purging of detrimental al-
leles, they assumed that even the initial genetic
load was small, as very little allozyme variabil-
ity had been found in marine seals (Simonsen et
al. 1982). However, the notably high genetic var-
iation in the marine ringed seals most likely also
implies high levels of genetic load in the ances-
tral population. Purging of deleterious alleles is
usually not strong enough to eliminate inbreed-
ing depression completely (Ballou 1997). Fur-
thermore, a progressive fitness decline due to
accumulating deleterious mutations (“mutation-
al meltdown”) can constitute a substantial long-
term extinction risk in populations with effec-
tive sizes even as high as 1000 (Lande 1995,
Bürger and Lynch 1997, but see also Gilligan et
al. 1997). Therefore, it seems unwarranted to
suppose that past inbreeding would have effec-
tively purged the population of genetic load and
markedly reduced the risks from further inbree-
ding.
Increasing Saimaa ringed seal population
size by reducing juvenile mortality is conside-
red the best management strategy to counter
demographic and genetic stochasticity (Kokko
et al. 1998). Along with the population size in-
crease, maintaining connectivity within the pop-
ulations is important. Both the Saimaa and Bal-
tic ringed seal populations have been recently
fragmented, which could further increase the
future rate of local inbreeding. Within the Bal-
tic, this is most alarming in the Gulf of Finland
population, holding only ca. 200 specimens.
However, from the microsatellite data, we
estimated that this breeding area most likely
remains connected to the other areas by gene
flow (III). In contrast, in the Saimaa ringed seal
the fragmentation into four separate breeding
areas may adversely affect the population survi-
val: Kokko et al. (1998) showed that decreasing
the dispersal probability from 100% (no sub-
division) to 25% increased the extinction risk
tenfold. In genetic terms, we expect that reduced
population densities would allow stronger
differentiation and markedly enhance local
inbreeding rates. Nevertheless, in both the Baltic
Sea and Lake Saimaa, the threats from environ-
mental and demographic stochasticity for future
population survival are likely to remain greater
than the genetic risks (Lande 1995).
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4. CONCLUSION
From the late Pliocene onwards, the northern
true seals have been subjected to the increased
cyclicity of the northern hemisphere climate.
These glacial periods have had impacts of vary-
ing degrees on the distribution, ecology and di-
versity of the extant species (King 1983).
Although the actual routes remain enigma-
tic, the continental invasion of now landlocked
Caspian and Lake Baikal seals appears to co-
incide with the late Pliocene cooling ca. 2 Mya.
It is also temporally associated with the radiation
of the Phocina seal group, allegedly induced by
the growing ice sheets in the northern Atlantic.
In the landlocked ringed seal populations
included in this study, the molecular markers
identify a two-fold impact of the glacial peri-
ods. In the Arctic Ocean ringed seals, the genet-
ic diversity assessment suggests that the main
ringed seal stock has been favoured by the ex-
tensive glaciations in the Middle and Late Pleis-
tocene, contrary to many other taxa from the
northern hemisphere. Most likely, the adapta-
tion of ringed seals to the arctic conditions has
enabled them to effectively exploit the increased
area of pack ice during the glacial periods, al-
lowing maintenance of large and connected pop-
ulations throughout the Pleistocene. On the other
hand, the marginal postglacially established
ringed seal populations confined to the Fennos-
candian basins show reduced intraspecific di-
versity. This has been documented in many spe-
cies inhabiting previously glaciated areas and
is caused by recurrent colonisation events, iso-
lation and small long-term population sizes. The
reduction of diversity has been particularly se-
vere in the landlocked Lake Saimaa seal. Due
to the combined effects of environmental, de-
mographic and genetic stochasticity, this isola-
tion history may critically affect the survival
probability of this unique population.
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